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Safety, reactogenicity, and immunogenicity of homologous
and heterologous prime-boost immunisation with ChAdOx1
nCoV-19 and BNT162b2: a prospective cohort study
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Piotr Kopankiewicz, Norbert Suttorp, Christian Drosten, Harald Bias, Joachim Seybold, EICOV/COVIM Study Groupt, Florian Klein, Florian Kurtht,
Victor Max Cormant, Leif Erik Sander

Summary

Background Heterologous vaccine regimens have been widely discussed as a way to mitigate intermittent supply
shortages and to improve immunogenicity and safety of COVID-19 vaccines. We aimed to assess the reactogenicity and
immunogenicity of heterologous immunisations with ChAdOx1 nCov-19 (AstraZeneca, Cambridge, UK) and BNT162b2
(Pfizer-BioNtech, Mainz, Germany) compared with homologous BNT162b2 and ChAdOx1 nCov-19 immunisation.

Methods This is an interim analysis of a prospective observational cohort study enrolling health-care workers in
Berlin (Germany) who received either homologous ChAdOx1 nCov-19 or heterologous ChAdOx1 nCov-19-BNT162b2
vaccination with a 10-12-week vaccine interval or homologous BNT162b2 vaccination with a 3-week vaccine interval.
We assessed reactogenicity after the first and second vaccination by use of electronic questionnaires on days 1, 3, 5,
and 7. Immunogenicity was measured by the presence of SARS-CoV-2-specific antibodies (full spike-IgG, S1-IgG, and
RBD-IgG), by an RBD-ACE2 binding inhibition assay (surrogate SARS-CoV-2 virus neutralisation test), a pseudovirus
neutralisation assay against two variants of concerns (alpha [B.1.1.7] and beta [B.1.351]), and anti-S1-IgG avidity. T-cell
reactivity was measured by IFN-y release assay.

Findings Between Dec 27, 2020, and June 14, 2021, 380 participants were enrolled in the study, with 174 receiving
homologous BNT162b2 vaccination, 38 receiving homologous ChAdOx1 nCov-19 vaccination, and 104 receiving
ChAdOx1 nCov-19-BNT162b2 vaccination. Systemic symptoms were reported by 103 (65%, 95% CI 57-1-71-8) of
159 recipients of homologous BNT162b2, 14 (39%, 24 -8-55 - 1) of 36 recipients of homologous ChAdOx1 nCov-19, and
51 (49%, 39-6-58-5) of 104 recipients of ChAdOx1 nCov-19-BNT162b2 after the booster immunisation. Median anti-
RBD IgG levels 3 weeks after boost immunisation were 5-4 signal to cutoff ratio (S/co; IQR 4-8-5-9) in recipients of
homologous BNT162b2, 4-9 S/co (4-3-5-6) in recipients of homologous ChAdOx1 nCov-19, and 5-6 S/co (5-1-6-1)
in recipients of ChAdOx1 nCov-19- BNT162b2. Geometric mean of 50% inhibitory dose against alpha and beta
variants were highest in recipients of ChAdOx1 nCov-19-BNT162b2 (956-6, 95% CI 835-6-1095, against alpha
and 417-1, 349-3-498 -2, against beta) compared with those in recipients of homologous ChAdOx1 nCov-19 (212-5,
131-2-344-4, against alpha and 48-5, 28-4-82-8, against beta; both p<0-0001) or homologous BNT162b2 (369-2,
310-7-438-6, against alpha and 72-4, 60-5-86-5, against beta; both p<0-0001). SARS-CoV-2 S1 T-cell reactivity
3 weeks after boost immunisation was highest in recipients of ChAdOx1 nCov-19-BNT162b2 (median IFN-y
concentration 4762 mIU/mL, IQR 2723-8403) compared with that in recipients of homologous ChAdOx1 nCov-19
(1061 mIU/mL, 599-2274, p<0-0001) and homologous BNT162b2 (2026 mIU/mL, 1459-4621, p=0-0008) vaccination.

Interpretation The heterologous ChAdOx1 nCov-19-BNT162b2 immunisation with 10-12-week interval, recommended
in Germany, is well tolerated and improves immunogenicity compared with homologous ChAdOx1 nCov-19
vaccination with 10-12-week interval and BNT162b2 vaccination with 3-week interval. Heterologous prime-boost
immunisation strategies for COVID-19 might be generally applicable.

Funding Forschungsnetzwerk der Universititsmedizin zu COVID-19, the German Ministry of Education and
Research, Zalando SE.

Copyright © 2021 Published by Elsevier Ltd. All rights reserved.

Introduction

Because of intermittent supply shortages of individual
COVID-19 vaccines and evidence of rare, but severe
adverse events after vaccination with vector-based vaccines
such as the ChAdOx1 nCov-19 vaccine (AstraZeneca,

Cambridge, UK),"* heterologous prime-boost regimens
for COVID-19 vaccines have gained substantial interest.’
Heterologous booster vaccination with an mRNA vaccine
after initial immunisation with ChAdOx1 nCov-19 has
been recommended in several countries, including
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Research in context

Evidence before this study

We searched PubMed from inception to June 15, 2021, with no
language restrictions, using the search terms "heterologous” AND
“vaccination” AND “COVID-19” NOT “BCG". The search returned
44 articles. We found no studies on heterologous prime-boost
immunisation for COVID-19 using ChAdOx1 nCov-19 and
BNT162b2 published before the start of this study in December,
2020. A correspondence published on May 12, 2021, described the
initial reactogenicity and safety data of the Com-Cov trial, which
randomly assigned participants to receive either homologous
ChAdOx1 nCov-19, heterologous ChAdOx1 nCov-19-BNT162b2,
homologous BNT162b2, or heterologous BNT162b2-ChAdOx1
nCov-19 vaccination given 28 days apart. The authors reported an
increase in systemic reactogenicity of the heterologous ChAdOx1
nCov-19-BNT162b2 boost in comparison with homologous
boost vaccination. We did not find other peer-reviewed studies
reporting reactogenicity data of heterologous COVID-19
vaccination. Immunogenicity data of the Com-CoV trial is being
published presently. A case report published on May 31, 2021,
described antibody responses in two participants who received a
heterologous immunisation with ChAdOx1 nCov-19 (Covishield)
followed by BNT162b2 33 days later. The authors reported
increased neutralising antibodies after the heterologous boost.
Besides the small sample size (n=2) and variable sampling intervals
(13 days and 25 days), no comparison with homologous
vaccination was done, limiting the interpretation of these results.
Two preclinical studies in mouse models of heterologous
vaccination combining adenoviral-vectored and mRNA-based
vaccines reported increased immunogenicity of heterologous
regimens compared with that of homologous regimens. So far, we
found no published peer-reviewed study reporting reactogenicity,
safety, and immunogenicity of heterologous ChAdOx1 nCov-19-
BNT162b2 prime-boost vaccination. The CombivacS trial also
assessed the immunogenicity and safety of heterologous
ChAdOx1 nCov-19-BNT162b2 vaccination, yet it did not include a
homologous vaccination group as comparison.

Germany,® despite scarce data on reactogenicity, safety,
and immunogenicity of this prime-boost regimen in
humans.

On Jan 29, 2021, the German standing committee
on vaccination recommended that ChAdOx1 nCov-19
be administered only to individuals aged 18—64 years.
Consequently, mainly younger people, including health-
care workers, received ChAdOx1 nCov-19, while mRNA
vaccines (BNT162b2 [Pfizer-BioNtech, Mainz, Germany]
and mRNA-1273 [Moderna, Cambridge, MA, USA|)
were prioritised for use in older individuals. In response
to reports about rare blood clotting events, including
cerebral venous sinus thrombosis, associated with
ChAdOx1 nCov-19 vaccination especially in younger
women,”* several European countries restricted their
recommendations for ChAdOx1 nCov-19 vaccination to
individuals older than a certain age limit (eg, older than

Added value of this study

To our knowledge, our prospective observational cohort
study provides first real-world data on the reactogenicity and
immunogenicity of heterologous ChAdOx1 nCov-19-
BNT162b2 prime-boost vaccination with a 10-12-week
vaccination interval, compared with homologous ChAdOx1
nCov-19 vaccination with a 10-12-week vaccine interval or
homologous BNT162b2 vaccination with a 3-week vaccine
interval. We compared the reactogenicity and safety of
regimens by self-reported local and systemic symptoms for
7 days after prime and boost immunisations in a cohort of
380 health-care workers. We have also assessed
immunogenicity of the vaccine regimens 3-4 weeks after
prime and boost immunisation. We found similar humoral
immune responses, with evidence of increased neutralisation
capacity and increased T-cell responses after heterologous
ChAdOx1 nCov-19-BNT162b2 immunisation compared with
homologous ChAdOx1 nCov-19 and BNT162b2 vaccination.
In light of increased reactogenicity of heterologous ChAdOx1
nCov-19-BNT162b2 vaccination reported by Robert H Shaw
and colleagues when the vaccines were given 28 days apart,
our data suggest that extended vaccine intervals might
improve the tolerability of heterologous prime-boost
vaccination.

Implications of all the available evidence

Heterologous vaccination has been widely discussed to
mitigate intermittent vaccine supply shortages and to
improve immunogenicity and efficacy of existing COVID-19
vaccines. Our study offers real-world evidence supporting the
safety and immunogenicity of heterologous ChAdOx1
nCov-19-BNT162b2 vaccination, which is currently
recommended in several countries. Combined with preclinical
studies reporting improved immunogenicity of heterologous
vaccination regimens, our data support ongoing efforts to
investigate heterologous vaccination regimens for COVID-19.

60 years in Germany and older than 55 years in France).
Heterologous boost immunisation with an mRNA
vaccine (BNT162b2 or mRNA-1273) was consequently
recommended for individuals who had already received
a first immunisation with ChAdOx1 nCov-19, but who
were younger than the revised age limit for that vaccine’
In phase 2/3 trials, both BNT162b2 and ChAdOx1
nCov-19 showed significant reactogenicity—most
commonly pain at the injection site, fatigue, headache,
chills, and fever—with only a minor proportion of study
participants reporting severe reactions.** An interim
analysis of reactogenicity data in the Com-COV trial,
investigating various heterologous prime-boost regi-
mens of licensed COVID-19 vaccines, reported no
serious side-effects but a clearly increased reactogenicity
after heterologous boost with BNT162b2 28 days after
initial vaccination with ChAdOx1 nCov-19.° In this
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interim analysis, up to 80% of individuals receiving
a heterologous prime-boost with ChAdOx1 nCov-19
and BNT162b2 reported fatigue and other systemic
reactions, an up to 40 times increase compared with
the respective homologous boost vaccinations.” Both
BNT162b2 and ChAdOx1 nCov-19 have been shown to
elicit robust immune responses, with a significant
increase after homologous boost vaccination in clinical
trials and real-world studies.**"* Heterologous prime-
boost immunisation has been shown to elicit increased
immunogenicity for other vaccines,**"” and early animal
experiments suggested increased immunogenicity
of boost vaccination with an mRNA vaccine after
initial immunisation with adenovector-based COVID-19
vaccines.® Another study reported increased immune
responses in participants receiving a heterologous
booster of BNT162b2 8 weeks after an initial dose of
ChAdOx1 nCov-19, compared with participants who
only received the initial vaccination with ChAdOx1
nCov-19.” However, data comparing immunogenicity of
heterologous ChAdOx1 nCov-19 and BNT162b2 prime-
boost vaccination to homologous regimens are still
needed.

Heterologous ChAdOx1nCov-19 and mRNA vaccination
has already commenced in several countries, despite
insufficient robust immunogenicity and safety data for
this regimen. In this study, we aimed to assess the
reactogenicity and immunogenicity of homologous
BNT162b2 vaccination with a 3-week interval, homologous
ChAdOx1 nCov-19 vaccination with a 10-12-week interval,
and heterologous ChAdOx1 nCov-19-BNT162b2 prime-
boost immunisation with a 10-12-week interval in a
prospective observational cohort study.

Methods

Study design

Health-care workers receiving routine COVID-19
vaccination were enrolled in the EICOV and COVIM
prospective observational cohort studies done at
Charité—Universititsmedizin Berlin (Berlin, Germany),
after written informed consent was obtained. EICOV
was approved by the ethics committee of Charité—
Universititsmedizin Berlin (EA4/245/20), and COVIM
(EudraCT-2021-001512-28) was approved by the Federal
Institute for Vaccines and Biomedicines (Paul Ehrlich
Institute) and by the Ethics committee of the state of
Berlin. Both studies were done in accordance with the
guidelines of Good Clinical Practice (ICH 1996) and the
Declaration of Helsinki.

Health-care workers at Charité—Universititsmedizin
Berlin were offered either two doses of BNT162b2 3 weeks
apart or an initial dose of ChAdOx1 nCov-19 followed
by a heterologous boost with BNT162b2 10-12 weeks
later. The vaccine regimen depended on availability
and current official recommendations. Health-care
workers who received an initial dose of ChAdOx1 nCov-19
were also free to choose a homologous booster with
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ChAdOx1 nCov-19 10-12 weeks later. The number of
study participants was determined by feasibility of
immunological analyses and enrolment. Baseline data on
demographics were collected by questionnaire in an
electronic case report form at enrolment. Blood samples
for detection of SARS-CoV-2-specific antibodies and T-cell
responses were collected immediately before the first
vaccination, and 3—4 weeks after the first and second
vaccination.

Assessment of reactogenicity and safety

Participants were asked to fill in electronic questionnaires
on reactogenicity, adverse events, medication, and
medical visits on days 1, 3, 5, and 7 after the first and
second vaccination. Additionally, the use of antipyretic
medication (nonsteroidal anti-inflammatory drugs or
paracetamol) before and after vaccination was recorded.
We assessed local and systemic reactions to the different
vaccines by use of a modified US Food and Drug
Administration toxicity scale® of mild (does not interfere
with daily activities), moderate (interferes with daily
activities), and severe (daily activities no longer feasible).
After the initial assessments, all participants were asked
to self-report any systemic symptoms and intake of pain
medication through an electronic questionnaire every
2 weeks. Here, we report on the results of questionnaires
of the first 7 days after the first and second vaccination.

Assessment of immunogenicity

Participants with PCR-confirmed infection or detectable
anti-nucleocapsid protein IgG at any timepoint during the
study were excluded from the main immunogenicity
analysis (appendix p 2). We selected a subset of study
participants for immunogenicity analysis on the basis of
multivariate matching for sex and age between vaccine
groups. We assessed the presence of SARS-CoV-2-
specific antibodies using a microarray-based immunoassay
including spike protein (full spike, S1subunit, and receptor-
binding domain [RBD]) and nucleocapsid protein as
antigens to discriminate between vaccine-induced antibody
response and convalescent SARS-CoV-2 infection (SeraSpot
Anti-SARS-CoV-2 IgG, Seramun Diagnostica, Heidesee,
Germany).” We investigated the functional neutralisation
capacity using an RBD-ACE2 binding inhibition assay
(surrogate SARS-CoV-2 virus neutralisation test [sVNT];
cPass, medac, Wedel, Germany), following the manu-
facturer’s instructions. Additionally, we used a SARS-
CoV-2 pseudovirus neutralisation assay (pNT) to test the
neutralising capacity of the vaccine regimes by determining
serum 50% inhibitory dilutions (ID,,) 3 weeks after boost
immunisation against the alpha (B.1.1.7) and beta (B.1.351)
variants of concern. This assay has been described
previously® and further details are provided in the
appendix (pp 5-6). Maturation of IgG avidity was
characterised by a modified anti-SARS-CoV-2 S1 IgG
ELISA (anti-SARS-CoV-2 S1 IgG ELISA Kit, Euroimmun
Medizinische Labordiagnostika, Liibeck, Germany)® in

See Online for appendix
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Visit 1
335 health-care workers enrolled

—>| 5 excluded, not vaccinated

v

179 received prime vaccination with BNT

v

178 included in reactogenicity analysis 148 included in reactogenicity analysis
1did not complete survey 3 did not complete survey
15 excluded 8 excluded
N 2 |0§s to follow-up N 8 missed study visit 2
13 missed study
10 with BNT prime visit 2
vaccination enrolled |
atvisit 2
A A
Visit 2 (about 3 weeks after prime) Visit 2 (about 3 weeks after prime)
174 participated 143 participated
107 spike protein, S1, RBD, and nucleocapsid IgG assay 98 spike protein, S1, RBD, and nucleocapsid IgG assay
94 sVNT 92 sVNT
30 avidity assay 75 IGRA
30 avidity assay

A

v

| 151 received prime vaccination with AZ

v

36 excluded
4 loss to follow-up
32 had not yet received
boost vaccination

A

35 with AZ prime
vaccination enrolled
at boost

>

A

174 received boost vaccination with BNT (about 3 weeks

104 received boost vaccination with BNT (about
10-12 weeks after prime)

38 received boost vaccination with AZ (about
10-12 weeks after prime)

after prime)

v

v

159 included in reactogenicity analysis
15 did not complete survey

104 included in reactogenicity analysis

36 included in reactogenicity analysis
2 did not complete survey

12 excluded, missed

g study visit 3
A 4 A4 A 4
Visit 3 (about 3-4 weeks after boost) Visit 3 (about 3-4 weeks after boost) Visit 3 (about 3-4 weeks after boost)

162 participated
117 spike protein, S1, RBD, and nucleocapsid IgG assay

104 participated

99 spike protein, S1, RBD, and nucleocapsid IgG assay

38 participated
38 spike protein, S1, RBD, and nucleocapsid IgG assay

101 sVNT 94 sVNT 36 SVNT
101 pNT 94 pNT 32pNT
66 IGRA 911GRA 34I1GRA
30 avidity assay 30 avidity assay 30 avidity assay

Figure 1: Study profile
AZ=ChAdOx1 nCov-19 COVID-19 vaccine. BNT=BNT162b2 mRNA COVID-19 vaccine. RBD=SARS-CoV-2 receptor-binding domain. S1=SARS-CoV-2 spike protein S1 domain. sVNT=surrogate virus

neutralisation assay. pNT=pseudovirus neutralisation test. IGRA=interferon-y release assay.

randomly selected samples from individuals who were indices between 40% and 60% were considered as
seroreactive 3 weeks after prime vaccination, 30 each from  borderline avidity and higher than 60% as high
the homologous and heterologous boost cohorts. Avidity —avidity. SARS-CoV-2 spike-specific T-cell responses were
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measured by an interferon-y (IFN-y) release assay (IGRA;
Euroimmun Medizinische Labordiagnostika)® of S1
peptide-stimulated T-cells in whole blood. IGRA was not
done after prime immunisation with BNT162b2 due to
technical and logistical reasons in the early weeks of the
study. A subset of the antibody and T-cell data obtained
from the BNT162b2 prime and homologous BNT162b2
prime-boost groups has been shown in a previous
publication that compared immune responses of older
people with younger people after vaccination.”

Statistical analysis

Data are presented as median (IQR), unless stated
otherwise. For the statistical analysis, we used GraphPad
PRISM, version 9.1.2, or JMP Pro, version 15.2.0. Group
comparisons were done in a univariate analysis by use of
Fisher’s exact test or nonparametric Kruskal-Wallis test
with Dunn’s multiple comparisons test. All 95% CIs
were calculated according to the Wilson and Brown
method.”» Median and IQR are indicated for the results of
ELISA-based immunological analyses. No imputation of
missing data was done. For 50% inhibitory dilutions in
pNT, geometric mean and 95% CIs are indicated. p<0-05
was considered significant. Detailed methods, including
study design and immunogenicity analyses are described
in detail in the appendix (pp 5-6).

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

From Dec 27, 2020, to June 14, 2021, 380 health-care
workers were enrolled in the study and received
either BNT162b2 (n=179) or ChAdOx1 nCov-19 prime
immunisation (n=151). For the boost vaccination,
174 participants received homologous BNT162b2 boost
after 3 weeks, 104 received heterologous ChAdOx1
nCov-19-BNT162b2 after 10-12 weeks, and 38 received
homologous ChAdOx1 nCov-19 after 10-12 weeks
(figure 1). Baseline characteristics of the study population
are provided in the table. All vaccination regimens
were associated with a relatively high frequency of local
reactions, most commonly pain at the injection site
and tenderness. Local reactions were usually mild or
moderate (figure 2A, B; appendix p 4). No major
differences were observed in the frequency or severity of
local reactions after either of the prime or boost
immunisations, with the exception of a slightly higher
frequency of local reactions after heterologous ChAdOx1
nCov-19-BNT162b2 booster vaccination compared with
that after homologous BNT162b2 booster vaccination
and a lower frequency of local reactions after homologous
ChAdOx1 nCov-19 booster vaccination compared with
that after heterologous ChAdOx1 nCov-19-BNT162b2
and homologous BNT162b2 booster vaccinations

www.thelancet.com/respiratory Vol 9 November 2021

BNTprime  BNTprime  AZ prime AZprimeand AZprime
(n=179) andboost  (n=151) BNT boost and boost
(n=174) (n=104) (n=38)
Prime to boost interval, days ~ NA 21(21-21) NA 71(70-73) 83 (71-84)
Participants with 178 (99%)  159(91%)  148(98%) 104 (100%) 36 (95%)
reactogenicity data
Age, years 34(29-44) 34(29-43) 35(28-47)  37(29-51) 51(33-59)
Sex
Female 98 (55%) 87 (55%) 101 (68%) 78 (75%) 23 (64%)
Male 80 (45%) 72 (45%) 47 (32%) 26 (25%) 13 (36%)
Participants with 94 (53%) 101 (58%) 92 (61%) 94 (90%) 36 (95%)
immunogenicity data
Vaccination to sampling 21(21-21) 28(27-31)  23(22-28)  21(20-21) 24 (20-28)
interval, days
Age, years 35(3048) 35(30-47) 37(30-50)  37(29-48)  51(33-59)
Sex
Female 66 (70%) 73 (72%) 73 (79%) 71 (76%) 23 (64%)
Male 28 (30%) 28 (28%) 19 (21%) 23 (24%) 13 (36%)
Dataare n, n (%), or median (IQR). BNT=BNT162b2 mRNA COVID-19 vaccine. AZ=ChAdOx1 nCov-19 COVID-19
vaccine. NA=not applicable.
Table: Baseline characteristics and vaccine schedule details of study participants

(figure 2A, B; appendix p 4). Conversely, notable
differences were reported for systemic reactions. These
were most frequently reported after prime immunisation
with ChAdOx1 nCov-19 (128 [86%] of 148, 95% CI
80-0-91-1) and after homologous BNT162b2 booster
immunisation (103 [65%)] of 159, 57-1-71-8). By contrast,
systemic reactions were reported by 51 (49%, 39-6-58.5)
of 104 participants after heterologous ChAdOx1 nCov-19—
BNT162b2 booster vaccination, by 69 (39%, 31-9-46-1) of
178 participants after the first immunisation with
BNT162b2, and by 14 (39%, 24-8-55-1) of 36 participants
after homologous ChAdOx1 nCov-19 booster vaccination
(figure 2C, appendix p 4). Severe systemic symptoms—
including fatigue, myalgia, headache, feverishness or
chills, and fever higher than 38°C—were most frequently
reported after ChAdOx1 nCov-19 prime immunisation,
were less frequent after homologous ChAdOx1 nCov-19
and homologous BNT162b2 booster immunisations,
and were least common after heterologous ChAdOx1
nCov-19-BNT162b2 booster vaccination (figure 2D,
appendix p 4).

No potentially life-threatening reactions were reported
after any of the vaccine regimens in this study. Intake
of antipyretic medication within 24 h after vaccination
was markedly higher after prime immunisation with
ChAdOx1nCov-19 (108 [73%)] 0f 148, 65 - 3-79 - 5) compared
with after heterologous ChAdOx1 nCov-19-BNT162b2
boost (33 [32%] of 104, 23-6-41-2), homologous
BNT162b2 boost (36 [23%] 0f159, 16 - 8-29-7), homologous
ChAdOx1 nCov-19 boost (seven [19%] of 36, 9-8-35-0),
and prime immunisation with BNT162b2 (17 [10%] of 178,
6-0-14-8; figure 2E). To assess potentially confounding
effects of antipyretic medication, we compared the intake
of prophylactic antipyretic medication in all groups. The
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(Figure 2 continues on next page)
proportion of participants who reported prophylactic
antipyretic medication was highest in the ChAdOx1
nCov-19 prime immunisation group (40 [27%] of 148,
20-5-34.7) and distinctly lower in all other groups
(five [3%] of 178, 1-2—6-4, for BNT162b2 prime; one [3%)]
of 36, 0-1-14-2, for homologous ChAdOx1 nCov-19 boost;
five [5%)] of 104, 2-1-10-8, for heterologous ChAdOx1
nCov-19-BNT162b2 boost; and five [3%] of 159, 1-4-7-1,
for homologous BNT162b2 boost). Therefore, prophylactic
intake of antipyretics did not account for lower adverse
reactions with ChAdOx1 nCov-19-BNT162b2 boost
vaccination compared with those with ChAdOx1 nCov-19
prime vaccination. Most vaccine reactions were reported
on day 1 and 3 after vaccination and receded by day 7
(appendix p 1).
27 participants had a history of SARS-CoV-2 infection
before enrolment, had a positive PCR result for
SARS-CoV-2 during the study, or had a detectable anti-
spike IgG antibody response at baseline or anti-
nucleocapsid protein IgG antibody response at baseline
1260

or during follow-up, and were therefore analysed
separately and excluded from the main analysis of
immunogenicity (appendix p 2).

3 weeks after prime immunisation with BNT162b2,
86 (91%, 84-1-95-6) of 94 participants were reactive for
anti-SARS-CoV-2-RBD IgG compared with 52 (57%,
46-3-66-2) of 92 participants after ChAdOx1 nCov-19
prime immunisation (p<0-0001, figure 3A). The propor-
tion of participants who were RBD-reactive increased to
100 (99%, 94-6-100) of 101 3 weeks after homologous
BNT162b2 boost immunisation, to 36 (100%, 90-4-100)
of 36 after homologous ChAdOx1 nCov-19 boost immuni-
sation, and to 94 (100%, 96-1-100) of 94 after heterolo-
gous ChAdOx1 nCov-19-BNT162b2 boost immunisation
(figure 3A). Compared with participants immunised with
BNT162b2, those immunised with ChAdOx1 nCov-19
had significantly lower anti-RBD IgG levels (median 2-8
signal to cutoff ratio [S/co], IQR 2:0—4-1, vs 1-1 S/co,
0-5-1-9, p=0-020; figure 3A) 3 weeks after prime
immunisation. Median levels of anti-S1 spike IgG
(1-3 S/co, 0-8-2-0, for ChAdOx1 nCov-19 vs 0-5 S/Co,
0-2-0-8, for BNT162b2; p=0-18, figure 3B) and anti-full
spike IgG (2-8 S/co, 1-5-3-0, for ChAdOx1 nCov-19 vs
1-1 S/co, 0-5-1-6, for BNT162b2; p=0-14, appendix p 3)
were not significantly reduced when correcting for
multiple testing after prime immunisation. 3 weeks after
boost immunisation, SARS-CoV-2 spike-binding IgG
responses in participants immunised with homologous
BNT162b2 boost (anti-RBD IgG median 5-4 S/co,
4.-8-5-9) were similar to those immunised with
homologous ChAdOx1 nCov-19 boost (4-9 S/co, 4-3-5-6)
and heterologous ChAdOx1 nCov-19-BNT162b2 boost
(5:6 S/co, 5-1-6-1; figure 3A, B, appendix p 3).

In addition to antibody levels, we measured
serum antibody avidity. High avidity serum antibodies,
defined as an antibody avidity index higher than 60%,
were not detected after prime immunisation with either
BNT162b2 or ChAdOx1 nCov-19 (figure 3C). 3 weeks
after boost immunisation, 27 (90%, 95% CI 74-4-96-5)
of 30 participants in the homologous BNT162b2
group, 25 (83%, 66-4-92-7) of 30 in the homologous
ChAdOx1 nCov-19 group, and 30 (100%, 88-6-100) of
30 in the heterologous ChAdOx1 nCov-19-BNT162b2
immunised group had high anti-S1 IgG avidity indices
(figure 3C). Hence, maturation of IgG avidity after boost
vaccination was observed with all three regimens,
but the median relative avidity index was higher
after heterologous ChAdOx1 nCov-19-BNT162b2 boost
(93-6%, IQR 91-9-95-5) compared with that of
homologous ChAdOx1nCov-19 boost (71-7%, 64-8-77 -4,
p=0-0026) and that of homologous BNT162b2 boost
(73-9%, 63-0-81-6, p=0-014, figure 3C).

Neutralising antibodies were detected in 89 (95%,
95% CI 88-2-97-0) of 94 participants receiving BNT162b2
and in 70 (76%, 66-4-83-6) of 92 participants receiving
ChAdOx1 nCov-19 prime vaccination (figure 3D). 3 weeks
after boost immunisation, the neutralising antibody
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response rate had increased in all cohorts to 100
(99%, 94-6-99-9) of 101 after homologous BNT162b2
boost, 36 (100%, 90-3-100) of 36 after homologous
ChAdOx1 nCov-19 boost, and 94 (100%, 96-1-100) of
94 after heterologous ChAdOx1 nCov-19-BNT162b2 boost
(figure 3D). sVNT titers were similar after homologous
BNT162b2 (median 96-6%, IQR 95-5-97-2) and
heterologous ChAdOx1 nCov-19-BNT162b2 prime-boost
immunisation (97-1%, 96-9-97 - 3; figure 3D). By contrast,
neutralising capacity was significantly lower after
homologous ChAdOx1 nCov-19 immunisation (92-4%,
86-4-96-4) compared with that after homologous
BNT162b2 (p=0-034) and heterologous ChAdOx1
nCov-19-BNT162b2 immunisation (p<0-0001).

The observed effects on sVNT titers were supported
with results of pseudovirus neutralisation assays against
two SARS-CoV-2 variants of concern (figure 3E). 100
(99%, 95% CI 94-6-99-5) of 101 participants immunised
with homologous BNT162b2 boost, 28 (88%, 71-9-95-0)
of 32 immunised with homologous ChAdOx1 nCov-19
boost, and 94 (100%, 96-1-100) of 94 immunised
with heterologous ChAdOx1 nCov-19-BNT162b2 boost
showed neutralising capacity against alpha-variant
pseudovirus particles. Similar proportions were observed
against beta-variant pseudoviruses after homologous
BNT162b2 and heterologous ChAdOx1 nCov-19-
BNT162b2 boost immunisation. However, 26 (81%,
95% CI: 64-7-91-1) of 32 participants immunised
with homologous ChAdOx1 nCov-19 boost showed
neutralising capacity against beta-variant pseudoviruses
(figure 3E). Accordingly, when tested against the
alpha variant, participants immunised with heterologous
ChAdOx1 nCov-19-BNT162b2 showed significantly
higher serum neutralising activity (geometric mean
IDy, 956-6, 95% CI 835-6-1095-0) compared with those
receiving homologous BNT162b2 (369-2, 310-7-438-6)
and homologous ChAdOx1 nCov-19 (212-5, 131-2-344-4;
p<0-0001; figure 3E). Although neutralising activity
against the immune escape-associated beta variant
was generally lower than that against the alpha variant,
the difference between homologous and heterologous
vaccine regimens was more pronounced. Compared with
participants immunised with homologous BNT162b2
(geometric mean ID,, 72-4, 95% CI 60-5-86-5) and
homologous ChAdOx1 nCov-19 (48-5, 28-4-82-8),
those immunised with heterologous ChAdOx1 nCov-19-
BNT162b2  showed significantly higher serum
neutralising activity against the beta variant (417-1,
349-3-498-2, p<0-0001; figure 3E).

Serological responses are most widely used to assess
immunogenicity of vaccination, but T-cell responses
are another important marker of anti-SARS-CoV-2
immunity. We used IGRA to measure the spike
Sl-specific T-cell response in 75 participants who
received ChAdOx1 nCov-19 prime, 34 who received
homologous ChAdOx1 nCov-19 boost, 91 who received
heterologous ChAdOx1 nCov-19-BNT162b2 boost, and
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Figure 2: Local and systemic reactogenicity of BNT162b2 or ChAdOx1 nCov-19 prime immunisations and

homologous or heterologous boosting until day 7 after vaccination

Figure shows the proportion of participants reporting any local reaction (A) and indicated local reactions grouped
by severity (B), proportion of participants reporting any systemic reaction (C) and indicated systemic symptoms
grouped by severity (D), and proportion of participants reporting intake of antipyretic medication within 24 h
after vaccination and prophylactic intake of antipyretic medication (E). Definition of severity according to modified
US Food and Drug Admiinistration criteria®® of mild (does not interfere with daily activities), moderate (interferes

with daily activities), and severe (daily activities no longer feasible).

66 who received homologous BNT162b2 boost. 3 weeks
after ChAdOx1 nCov-19 prime immunisation, partici-
pants showed robust T-cell responses (figure 3F).
Notably, T-cell reactivity was significantly higher after
heterologous ChAdOx1 nCov-19-BNT162b2 boost
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Figure 3: SARS-CoV-2-specific
1gG and T-cell responses
Figure shows anti-RBD IgG (A)
and anti-S1 1gG (B) assays,
anti-S1 IgG avidity (C), and
neutralising capacity
measured by sSVNT (D) in
serum of participants who had
received prime immunisation
with BNT162b2 or ChAdOx1
nCov-19, and homologous
BNT162b2 or ChAdOx1
nCov-19 or heterologous
ChAdOx1 nCov-19-BNT162b2
boost; serum neutralisation
activity against B.1.1.7 (alpha)
and B.1.351 (beta) variants
measured by pNT after boost
immunisation (E); and T-cell
reactivity in whole blood
samples measured by IGRA (F).
Samples were taken before
first immunisation, 3 weeks
after first vaccination, and
3-4 weeks after boost
vaccination. Dotted lines
indicate the manufacturer’s
pre-specified thresholds:
higher than 1 S/co for anti-
RBD IgG reactivity, 40-60% for
borderline avidity, higher than
60% for high avidity, higher
than 30% for sVNT cutoff, and
30-fold serum dilution for the
alpha variant and 10-fold
dilution for the beta variant
for the limit of detection for
PNT. Lines indicate the
median, except for pNT, where
the geometric mean is shown.
p values are indicated.
ACE2=angiotensin-converting
enzyme 2. 1D,,=50% inhibition
dilution. IFN-y=interferon y.
ns=not significant.
pNT=pseudovirus
neutralisation test.
pre=sample taken before first
immunisation.
RBD=SARS-CoV-2 receptor-
binding domain.
S1=SARS-CoV-2 spike protein
S1 domain. S/co=signal-to-
cutoff ratio. sVNT=surrogate
virus neutralisation assay.
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immunisation compared with both homologous
BNT162b2 (median IFN-y concentration 4762 mIU/mL,
IQR 2723-8403, vs 2026 mIU/mL, 1459-4621; p=0-0008)
and homologous ChAdOxl1 nCov-19 boosting
(1061 mIU/mL, 599-2274; p<0-0001; figure 3F).

Discussion

Heterologous prime-boost vaccination against COVID-19
is being discussed as a means to improve immunogenicity
and efficacy of existing vaccines and to mitigate
intermittent supply shortages.’ After reports of rare
thrombotic events associated with ChAdOx1 nCov-19,
particularly in younger women, a heterologous boost
with an mRNA vaccine (BNT162b2 or mRNA1273) with a
dose interval of 12 weeks is currently recommended in
Germany for individuals who have previously received
one dose of ChAdOx1 nCov-19.¢ Several other countries
also recommend heterologous vaccination after a first
dose of ChAdOx1 nCov-19, despite a scarcity of robust
safety and immunogenicity data for this vaccine regimen.
In this observational cohort study, to our knowledge, we
provide the first real-world data on reactogenicity and
immunogenicity of heterologous ChAdOx1 nCov-19-
BNT162b2 prime-boost vaccination with a 10-12-week
vaccine interval, compared with homologous ChAdOx1
nCoV19 vaccination with a similar interval, or
homologous BNT162b2 vaccination with a 3-week
vaccine interval.

Overall, all three regimens were well tolerated.
We observed no major differences in reactogenicity
between the prime-boost regimens. Local reactions
were frequently observed for all vaccines. Systemic reac-
tions, including severe reactions, were most frequent
after prime immunisation with ChAdOx1 nCov-19,
whereas reactogenicity of homologous BNT162b2,
homologous ChAdOx1 nCoV19, and heterologous
ChAdOx1 nCoV19-BNT162b2 were similar, with slightly
decreased systemic reactions after heterologous
ChAdOx1 nCov-19-BNT162b2 and homologous ChAdOx1
nCov-19. We speculated that the likelihood of intake of
prophylactic medication would increase for the boost
immunisation if participants had experienced strong
symptoms after the prime vaccination. However, the data
show that the reduced reactogenicity after the
heterologous boost was not caused by a higher intake of
prophylactic antipyretic medication. The observed
similar reactogenicity of homologous BNT162b2
vaccination and good clinical tolerability of heterologous
ChAdOx1 nCov-19-BNT162b2 vaccination contrasts with
interim results of the Com-COV trial, which reported
increased systemic vaccine reactions after heterologous
ChAdOx1 nCov-19-BNT162b2 vaccination compared
with homologous ChAdOx1 nCov-19 and BNT162b2
regimens in a study of similar sample size.” Several
differences exist in study design (eg, randomised
controlled trial vs observational study and differences in
vaccine interval) and in study population demographics
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that might explain this discrepancy. The median age in
Com-CoV was 57 years and 46% of participants were
women, compared with 35 years and 62% of participants
who were women in our study (table). The interval
between first and second vaccination with either
BNT162b2 or ChAdOx1 nCov-19 was 28 days in the Com-
COV study, compared with 71 days for ChAdOx1 nCov-19—
BNT162b2 and median 83 days for homologous ChAdOx1
nCov-19 reported here. Therefore, we hypothesise that
extended vaccine intervals of 10-12 weeks might reduce
the reactogenicity of heterologous ChAdOx1 nCov-19-
BNT162b2 vaccination.

We observed robust immunogenicity of both
homologous and heterologous prime-boost regimens.
Anti-S1-IgG avidity, Sl-reactive T-cells, and neutralising
capacity against two variants of concern were significantly
increased 3 weeks after heterologous ChAdOx1 nCov-19-
BNT162b2 boost compared with homologous BNT162b2
and ChAdOx1 nCov-19 boost vaccination. Phase 1/2
studies have previously reported robust immunogenicity
of homologous BNT162b2 and ChAdOx1 nCov-19
immunisation.?* By contrast, immunogenicity data of
heterologous ChAdOx1 nCov-19-BNT162b2 immuni-
sation in direct comparison with homologous immuni-
sation have not been published so far. Despite a lower
humoral response after prime immunisation with
ChAdOx1 nCov-19 compared with that after BNT162b2,
we observed no significant difference in anti-S1-IgG
levels, anti-RBD-IgG levels, and neutralisation capacity
determined by sVNT, and we observed an increase in
anti-S1-IgG avidity 3 weeks after heterologous ChAdOx1
nCov-19-BNT162b2 boost compared with homologous
BNT162b2 boost. SARS-CoV-2 pseudovirus neutrali-
sation capacity against two variants of concern showed
significantly increased ID,, titers after heterologous
ChAdOx1 nCov-19-BNT162b2 vaccination compared
with those of both homologous regimens. This finding is
in line with previous studies reporting increased antibody
responses in patients who recovered from COVID-19
after a single dose of BNT162b2 compared with sero-
negative individuals receiving two doses of BNT162b2.*
All three vaccine regimens induced robust T-cell
responses, but T-cell reactivity was significantly increased
after heterologous immunisation. Additionally, no
significant increase of T-cell reactivity was achieved after
homologous ChAdOx1 nCov-19 boost compared with
ChAdOx1 nCov-19 prime vaccination. Taken together,
heterologous ChAdOx1 nCov-19-BNT162b2 immuni-
sation with a vaccine interval of 10-12 weeks is well
tolerated and highly immunogenic and might offer
significantly enhanced immunogenicity compared with
homologous vaccination with ChAdOx1 nCov-19 and
BNT162b2.

Our study has several limitations. First, our study
was not masked and did not include a placebo
group. Therefore, we cannot exclude that reporting
of reactogenicity was influenced by the expectation
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of symptoms in some participants, for example, after
vaccination with ChAdOx1 nCov-19. Additionally, the
sample size is too small to address rare adverse events,
such as thrombotic thrombocytopenia syndrome or
myocarditis. Moreover, the allocation of different vacci-
nation regimens was not randomised. Due to the current
recommendations for heterologous ChAdOx1 nCov-19-
mRNA vaccination in individuals younger than 60 years,
most health-care workers enrolled in our study opted for
the recommended heterologous booster, and the cohort
of participants vaccinated with homologous ChAdOx1
nCov-19 boost was comparatively small, with participants
who were older than those in the other groups. In
addition to the different combinations of vaccines,
the median interval between first and second dose
was different for homologous BNT162b2 vaccination
(21 days), homologous ChAdOx1 nCov-19 (83 days),
and heterologous vaccination (71 days). Therefore, at
this stage, it is unclear to which extent the observed
differences in immunogenicity between homologous
BNT162b2 and heterologous ChAdOx1 nCov-19—
BNT162b2 or homologous ChAdOx1 nCov-19 might also
be attributable to the extended vaccine interval in the
latter two groups, and further research is needed to
address these open questions. The observed increased
anti-S1-IgG avidity in the ChAdOx1 nCov-19-BNT162b2
group compared with the homologous BNT162b2
group for instance, might be caused by the extended
vaccination interval for ChAdOx1 nCov-19-BNT162b2
because antibody affinity maturation increases over time.
However, vaccine intervals were similar for homologous
ChAdOx1 nCov-19 and ChAdOx1 nCov-19-BNT162b2
vaccination, indicating that the heterologous combination
itself might improve antibody maturation. A definitive
immune correlate of protection has not been established
for COVID-19 vaccines and our study does not provide
data on effectiveness. Therefore, whether increased
immunogenicity of heterologous vaccination translates
into improved protection remains unclear, and this
requires further studies. Given that both humoral and
cellular immune responses were markedly improved by
heterologous boosting, we speculate that heterologous
ChAdOx1 nCov-19-BNT162b2 vaccination might provide
superior protection, which is supported by the improved
neutralisation capacity against a variant of concern with
antibody escape mutations (beta). However, to make all
vaccination regimens fully comparable, further research
including homologous BNT162b2 vaccination with a
10-12-week interval is needed. Studies are also underway
that investigate combinations of different mRNA
vaccines (eg, BNT162b2 and mRNA-1273).#

In conclusion, our study provides important real-world
evidence for the safety and immunogenicity of
heterologous ChAdOx1 nCov-19-BNT162b2 vaccination.
Besides the enhanced immunogenicity described for the
regimen described in this study, heterologous vaccination
schedules might also alleviate logistical challenges and

mitigate intermittent supply shortages of individual
vaccines. In light of increasing occurrence of new virus
variants carrying immune escape mutations, it will be
important to determine vaccine efficacy of heterologous
vaccination regimens, particularly regarding protection
against severe COVID-19. Our data support further
studies into the applicability of heterologous prime-boost
vaccination strategies for COVID-19.
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